Abstract-In order to reliably monitor the operating status of one-way aerial ropeways for underground mine and better guarantee the safety of mine personnel, a hierarchical routing protocol based on energy efficiency and chain-type structure is proposed in this paper. Previous studies show that uniform cluster formation can prolong the lifetime of network. So a novel time allocation algorithm based on the residual energy of node is put forward to ensure that the starting time uniformly distributes in duration time of establishing network, when the nodes compete to become the cluster head node. Total energy consumption model based on free-space radio signal transmission model is used to search the optimal radius of node which can minimize total consumed energy of the network per round. The simulation results show that the proposed routing protocol is suitable for the operating status monitoring of one-way aerial ropeways for underground mine and the performance is better than LEACH.
I. INTRODUCTION
The aerial ropeway for underground mine is a kind of mechanical equipment, which can transport people in the underground mine. The one-way aerial ropeway for underground mine is one type of equipment, which is shown in Fig. 1 . With the development of mining, the safety requirements of aerial ropeways for underground mine become higher and higher. So the aerial ropeways for underground mine need on-line condition monitoring system as well as mechanical safety protection devices. Because the aerial ropeways for underground mine are in constant motion, traditional wired monitoring devices are not suitable for it. Wireless sensor networks possess network flexibility, convenient extension and other advantages [1] [2] , which are suitable for the monitoring of the aerial ropeways for underground mine. Although wireless sensor networks have not been applied in this field by now, monitoring of the aerial ropeways for underground mine is similar with some other applications. Firstly, the monitoring network of one-way aerial ropeway for underground mine designed in the present paper can be modeled with chain structure. Reference [3] proposes a ZVAEECP protocol which can be used in condition monitoring of hydraulic supports. This protocol simplifies the monitoring network as two-level chain topology structures and establishes energy consumption models to obtain optimal cluster number. In reference [4] , a LEBUC protocol is proposed for reducing the network traffic and energy consumption for monitoring the tunnel environment. Reference [5] presents a long chain-type wireless sensor network to monitor the safety of underground mine tunnel and puts forward an EOR algorithm which constructs routing path based on an optimal communication radius to balance the energy consumption of nodes. Reference [6] and [7] also proposehierarchical routing called LCACL protocol, which combines with self-organizing learning mechanism and artificial neural network, and simulation results indicate that this protocol can prolong the lifetime of network significantly and rebuild the routing fast. Reference [14] proposes a clustering routing algorithm based on eventdriven for monitoring the coal goaf. Under normal state, the LEACH algorithm is adopted. When the event occurs, a sub-cluster network will form by the nodes which are in the event region. In reference [15] , a scheme for mine safety monitoring is described, which is based on the characteristics of mine wireless sensor networks. Reference [16] [17] [18] [19] are also the similar articles.
Due to the mobility of the aerial ropeways for underground mines, some present algorithms cannot be directly applied. This paper researches on one-way aerial ropeways for underground mine and proposes an energy efficiency routing protocol which can be applied to monitor aerial ropeways for underground mine. Firstly, the topology of this network is changing all the time, so we divide all the nodes into 3 parts. During the period of forming network, the nodes which will leave the monitoring region are not invited to cooperate in the network, while the nodes which will enter the monitoring region are involved in the establishing network. Secondly, the chain-type model is adopted to analyze the radius for minimum energy consumption. Thirdly, a new algorithm for forming network is designed and the properties of this algorithm are analyzed.
The remainder of this paper is organized as follows: We introduce the design of this protocol and discuss some properties. In Section III the simulation results are presented. Section IV presents conclusions.
II. PROTOCOL DESIGN
The monitoring network of aerial ropeway for underground mine can be simplified into chain structures as shown in the dotted box of Fig. 2 with the length of M. As shown in the figure, one side of the aerial ropeway for underground mine carries personnel underground, the other side returns over the belt conveyor with the arc connection between two sides. It is in the side of carrying personnel that the condition of passenger transport is monitored. To simplify study, this paper assumes that:
(1) The transmitting power of nodes is adaptable. The symbols used in this section are listed as follows: The expected value of cluster size
The upper limit of cluster size
The lower limit of cluster size
The energy dissipated per bit to run the transmitter or the receiver circuit E tx The energy dissipated to transmit l bit The distance between the cluster headers d
M2CH
The distance between the cluster header and member node in the same cluster
A. Protocol Description
The protocol is divided into two phases: clustering network structure establishing phase and data sending phase. The two phases are combined as a complete data sending cycle. The network lifetime is comprised of several complete data sending cycles. The clustering network structure establishing phase can be further divided into intra-cluster network establishing phase and inter-cluster network establishing phase.
Definition 1: Loss of network members. The speed of the aerial ropeways for underground mine is assumed as v, and the duration time of network structure establishing is assumed as T, the nodes whose [ , ] x M vT M  and 0 y  will leave monitoring area after the establishment of clustering network, so that network members will be lost.
Definition 2: Increment of network members. Because the width b of the aerial ropeways for underground mine is small, the nodes whose
and yb  will enter monitoring area after the establishment of clustering network, so that network members will be increased.
In the routing protocol, the nodes to be lost should be removed and the nodes to be increased should be joined. The working process of the routing protocol is shown as follows:
(1) After starting the nodes whose [ and yb  compete to be the cluster head node by broadcasting CH_Declaration_Msg message at the scheduled time.
(2) If the node who has received the CH_Declaration_Msg message has not joined any cluster, it will join the cluster whose cluster head is the sender of the CH_Declaration_Msg message.
(3) After the time slice of intra-cluster network establishing, the Sink node sends CH_Ensure_Msg message back to and establish inter-cluster network. Any cluster head node which has received this message will forward it until it has been spread over all cluster head nodes, then the path from cluster head to the Sink node is established.
(4) After the time slice of inter-cluster network establishing, the protocol switches into the data sending phase. The intra-cluster member nodes will send data to their cluster head node which will then send data to the Sink node by multi-hop routing among cluster heads. After the data sending phase, a data sending cycle is finished.
(5) The network will enter the next data sending cycle, and the cycle repeats. LEACH 20, 21] is the earliest hierarchical routing protocol, where each sensor node randomly generates a number within [0, 1] . If the number is less than the threshold P, then the node will become a cluster head node. In order to prolong the lifetime, many modified LEACH are proposed, such as those that add some intelligent algorithms, or combine energy consumption, node density and other factors [22] [23] [24] . Reference [25] computes the sending time of competition message of each node, where nodes compete to become cluster head node according to the sequence of rest energy. This paper uses a similar algorithm with that of reference [25] . The time of sending CH_Declaration_Msg message is computed according to (1).
B. Algorithm of Cluster Head Selection
(1 ) 1
where k is a random number within [0, 1], T is the time of network structure establishing.
, E r is the rest energy of node, E init is the initial energy of node.
C. Relevant Properties
The duration time T of establishing network structure includes the time of establishing intra-cluster network and the time of establishing inter-cluster network. In order to guarantee the reliability of data sending, the time of establishing intra-cluster network should be calculated so as to well distribute the two time slices.
Theorem 1: For a node, if the moment of broadcasting CH_Declaration_Msg message is more than t, the node is with the probability of p to become cluster head, where
Proof: Assumimg that the node s broadcasts CH_Declaration_Msg message in the moment that is more than t, from (1) 
Fk  is the ratio between the time of establishing intra-cluster network and the time T. Theorem 2: The expected value of cluster length is 3 2
Proof:
After one node has broadcasted CH_Declaration_Msg, other nodes that are within its communication range will join the cluster with this node as cluster head and will not compete to be cluster head, so the lower limit and upper limit of cluster range are shown as Fig. 3 and Fig. 4 . Proof: Assuming that the message length sent by member nodes and cluster head node is l, the energy consumption of sending data is shown as in (2) 
The energy consumption of receiving data is shown as in (3)
Assuming that the length of every cluster is 3 2 R L  exp , the cluster number of the whole network is shown as in (4) 
Therefore, the energy consumption of all members is 2 23 ( )( ) 3 16
The energy consumption of every cluster head is different, and those nearer to the Sink play important role in forwarding data. The energy consumption of every cluster head is as follows: 
Hence, the total energy consumption of all cluster heads is
where E forward is the energy consumption of forwarding one bit packet. Hence
In order to make analysis simplify, assume that dd  CH2SINK CH2CH . Bring (4), (10) and (11) into (9), we will get that 
III. SIMULATION EXPERIMENTS

A. Time of Intra-cluster Network Establishing
This section is to examine the accuracy of Theorem 1 in chapter 3. The simulation nodes are 50 and 80, the respective M is 245 and 395, T=10s, E init = 0.00001J, the length of packet is 1. After simulating 150 times respectively, the simulation results are shown as Fig. 5 and Fig. 6 . *Line represents the time of intra-cluster network establishing in the last round, while △ line represents the time of intra-cluster network establishing in the first round, ○line represents the theoretical calculation value. Because the energy of respective node is most at the beginning, the time that every node broadcasts CH_Declaration_Msg will be short. The rest energy of node in the last round is least, so the computed moment that respective node broadcasts CH_Declaration_Msg will be long. From Fig. 5 and Fig. 6 , the time difference between the last round and the first round is small, which means that (1) can be used to avoid the moments when the nodes send CH_Declaration_Msg centre on a certain time period due to the variation of node energy consumption. The theoretical values derive from the range of simulation curve when the node communication radius is short. When the communication radius is long, within the range of simulation curve, the theoretical value will simulate the real time of intra-cluster network establishing. 
B. Communication Radius with Optimal Energy Consumption
This section is to examine Theorem 3. The simulation scene is same with that in last section, initial energy is 0.0001J and packet length is 1 byte. Simulate 200 times with different radiuses and obtain the average value.
As for 50 nodes, theoretical optimal communication radius is 53m, Fig. 7 is the theoretical calculated energy consumption of the 50 nodes with different radiuses, while Fig. 8 is the simulated network lifetime of the 50 nodes with different radiuses. From Fig. 7 , energy consumption is smallest when communication radius is 53m. From Fig. 8 , the network lifetime is longest when communication radius is 50m, which is close to the theoretical value.
As for 80 nodes, theoretical optimal communication radius is 62m, Fig. 9 is the theoretical energy consumption calculation of the 80 nodes with different radiuses, while 
D. The Lifetime Comparison between LEACH and Our Algorithm
In this section, we will investigate the performance of our algorithm and LEACH. The parameters of simulation as follows: E init = 0.00001J, N = 50 and 80, R = 40. The simulation results are shown in Fig. 13 and Fig. 14 . From above figures, the lifetime of our algorithm is better than that of LEACH, because the clusters are unevenly distributed in the monitoring region under LEACH, and LEACH has no regard for the residual energy of nodes.
IV. CONCLUSION
This paper has proposed a wireless monitoring network routing protocol used in one-way Aerial ropeways for underground mine underground and analyzed the properties of the protocol. The main contributions of the present paper are summarized as follows.
(1) In this paper, traditional wired monitoring network of Aerial ropeways for underground mine is changed into wireless monitoring network, so as to improve the stability and flexibility of monitoring network.
(2) In this paper, the cluster head selection algorithm is improved to guarantee the moments that the nodes send CH_Declaration_Msg are evenly distributed in the network structure establishing phase, so as to avoid that large numbers of nodes centre on a certain time period to compete to be cluster head.
(3) This paper researches on the optimal radius of energy consumption and prolongs the lifetime, which has been validated by simulation experiments.
